Abstract. Targeted therapy with reduced side effects is a major goal in cancer research. We investigated the effects of JS-K, a nitric oxide (NO) prodrug designed to release high levels of NO when suitably activated, on human breast cancer cell lines, on non-transformed human MCF-10A mammary cells, and on normal human mammary epithelial cells (HMECs). Cell viability assay, flow cytometry, electron microscopy, and Western blot analysis were used to study the effects of JS-K on breast cancer and on mammary epithelial cells. After a 3-day incubation, the IC 50 s of JS-K against the breast cancer cells ranged from 0.8 to 3 μM. However, JS-K decreased the viability of the MCF-10A cells by only 20% at 10-μM concentration, and HMECs were unaffected by 10 μM JS-K. Flow cytometry indicated that JS-K increased the percentages of breast cancer cells under-going apoptosis. Interestingly, flow cytometry indicated that JS-K increased acidic vesicle organelle formation in breast cancer cells, suggesting that JS-K induced autophagy in breast cancer cells. Electron microscopy confirmed that JS-K-treated breast cancer cells underwent autophagic cell death. Western blot analysis showed that JS-K induced the expression of microtubule light chain 3-II, another autophagy marker, in breast cancer cells. However, JS-K did not induce apoptosis or autophagy in normal human mammary epithelial cells. These data indicate that JS-K selectively induces programmed cell death in breast cancer cells while sparing normal mammary epithelial cells under the same conditions. The selective antitumor activity of JS-K warrants its further investigation in breast tumors.
Introduction
Breast cancer is the second leading cause of cancer death in women. Great strides have been made in the diagnosis and treatment of breast cancer. Nonetheless, it was estimated that in 2010, about 39,840 women will die from breast cancer. Novel therapeutic strategies are urgently needed to decrease the mortality of breast cancer patients.
Nitric oxide (NO) is a free radical synthesized by nitric oxide synthases (NOS). NOSI and NOSIII are expressed constitutively and produce trace amounts of NO. In contrast, NOSII is the inducible isoform and can generate large amounts of NO. At high concentrations, such as those produced by NOSII, NO is cytotoxic, and can prevent tumors from developing or metastasizing (1, 2) . Transgenic studies indicated that lymphomas developed more rapidly in NOSII-null p53-knockout mice than in NOSII-wild-type p53-knockout mice (3, 4) . NOSII-null fibrosarcoma tumor cell lines grew faster and produced more lung metastases than NOSII-wild-type cell lines. EMT-6J murine breast carcinoma cells, which constitutively express NOSII, were less tumorigenic than NOSII-deficient EMT-6H cells (5) . Human L3.3 pancreatic cancer cells transduced with the wild-type NOSII gene, which produced high levels of NO, did not form tumors or metastases in xenograft nude mouse models (6) . On the other hand, L3.3 pancreatic cancer cells transduced with adenoviral vectors expressing mutant NOSII genes, which produced low levels of NO, formed tumors and metastases in nude mice (6) .
We previously demonstrated that breast cancer cells possess intrinsic resistance mechanisms that can prevent the induction of NOSII (7, 8) ; any therapeutic strategy designed to produce high NO levels in such cells should therefore not depend on NOSII induction. Given the suppressive effects of high levels of NO on tumorigenesis, drugs that supply NO exogenously could have potential in breast cancer therapy. The challenge is to deliver NO in a sustained and controlled manner so as to avoid NO-mediated systemic hypotension.
JS-K (O 2 -(2,4-dinitrophenyl) 1-[(4-ethoxycarbonyl) piperazin-1-yl]diazen-1-ium-1,2-diolate) belongs to the diazeniumdiolate class of prodrug that is designed to release NO when metabolized by glutathione S-transferases (GSTs).
GSTs are a superfamily of enzymes responsible for the detoxification of many xenobiotics by conjugating them to glutathione and increasing their cellular excretion. Among the major GST isoforms (·, μ, π), GST-π is expressed at the highest concentration in breast tumors (9, 10) . High levels of GST-π have been associated with more aggressive phenotypes of breast cancer, increased risk of local relapse, and decreased disease-free survival in breast cancer patients (11) (12) (13) . Since JS-K requires GST for its optimal activity, it can potentially turn GST overexpression to the tumor's disadvantage by generating high intracellular concentrations of NO specifically within tumor cells. JS-K has been shown to have anti-tumor activity in both in vitro and in vivo models of prostate cancer, leukemia, liver cancer, and multiple myeloma (14) (15) (16) . However, the effects of JS-K on the viability of breast cancer cells and normal breast epithelial cells have not been characterized.
In this study, we determined the effects of JS-K on the viability of breast cancer cells and normal mammary epithelial cells. Here we report that JS-K decreased the viability of breast cancer cell lines but hardly affected the viability of normal mammary epithelial cells. Furthermore, JS-K selectively induced programmed cell death in breast cancer cells but not in normal mammary epithelial cells.
Materials and methods
Cell lines and culture conditions. MCF-7, MDA-MB-231, SKBr3, MDA-MB-453, and MDA-MB-468 human breast cancer cell lines were obtained from American Type Cell Culture (ATCC, Manassas, VA) and cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 medium (Invitrogen Corp., Carlsbad, CA) supplemented with 5% heat-inactivated fetal bovine serum (FBS) (Invitrogen). MCF-10A human mammary epithelial cells, originated from spontaneous immortalization of breast epithelial cells obtained from a patient with fibrocystic disease, were obtained from ATCC and cultured in DMEM/F12 medium supplemented with 10% heat-inactivated FBS, 20 ng/ml epidermal growth factor, 20 ng/ml insulin-like growth factor-I, and 500 ng/ml hydrocortisone. MCF-10AT and MCF-10CA1a cells, which are MCF-10A sublines, were obtained from Dr Fred Miller (Karmanos Cancer Institute, Detroit, MI) and cultured in DMEM/F12 medium supplemented with 10% heat-inactivated FBS. MCF-10AT cells were created by stable transfection of MCF-10A cells with the activated c-Ha-ras oncogene (17) . MCF-10A cells do not survive in vivo in immunodeficient mice. However, MCF-10AT cells form small nodules in nude/beige mice that persist for at least 1 year and sporadically progress to carcinomas (17) . MCF-10CA1a cells, derived from MCF-10AT1 xenograft, form carcinomas in nude/beige mice with 100% efficiency (18) . Normal human mammary epithelial cells (HMECs), which are primary cells isolated from a healthy woman donor, were obtained from Cambrex (Rockland, MA) and cultured in mammary epithelial growth medium supplemented with bovine pituitary extract (Cambrex). To ensure that these primary cells are mammary epithelial cells, the company uses immunofluorescent staining technique to confirm that the mammary epithelial cells stain positive for cytokeratins 14 and 18 and negative for cytokeratin 19 . Apoptosis analysis. The effect of JS-K on apoptosis was analyzed by flow cytometry as described (8, 19) . Breast cancer cells were plated at 1x10 5 cells per well in 6-well plates in 2 ml of DMEM/F12 medium containing 5% FBS. MCF-10A cells were plated at 4x10 5 cells per well in 6-well plates in 2 ml of DMEM/F12 medium containing 10% FBS, 20 ng/ml epidermal growth factor, 20 ng/ml insulin-like growth factor-I, and 500 ng/ml hydrocortisone. Cells were untreated or treated with 5 μM JS-K for 3 days. Floating cells and adherent cells were collected, washed, and resuspended in 1 ml of PBS. The cell suspension was added to 1 ml of cold 70% ethanol and incubated overnight at -20˚C. Cells were centrifuged at 1500 rpm for 10 min at 4˚C and then washed twice in PBS, and the pellet was left loose. Approximately 0.5-1 ml of PBS containing RNase (20 μg/ml) and propidium iodide (50 μg/ml) was added to each cell pellet, followed by 20 min of incubation at room temperature. Flow cytometric analysis was performed using a Coulter Epics Profile 488 laser.
Electron microscopy. To morphologically demonstrate the induction of autophagy in JS-K-treated cancer cells, ultrastructural analysis was performed as described previously (20) . MDA-MB-231 breast cancer cells, plated at 1x10 5 cells per well in 6-well plates in 2 ml of DMEM/F12 medium containing 5% FBS, were untreated or treated with 5-μM JS-K for 3 days. Cells were washed with serum-free medium before being fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), post-fixed in 1% OsO 4 in the same buffer, and then analyzed by electron microscopy. Representative areas were chosen for ultrathin sectioning and viewed with a Hitachi electron microscope.
Electrophoresis and immunoblotting.
Fifty μg of protein lysates from untreated, JS-K-treated, or JS-43-126-treated cells were loaded on polyacrylamide gels (Bio-Rad, Hercules, CA). Proteins were electrophoresed and electrotransferred to nitrocellulose membranes (Bio-Rad) with the use of a wet transfer apparatus (Bio-Rad) for ~24 h at 22 V. The membranes were incubated in blocking buffer (1X Tris-buffered saline, 0.1% Tween-20, and 5% non-fat dry milk) for 30 min at room temperature and then incubated overnight with polyclonal antibodies specific for microtubule-associated light chain 3 (LC3) protein (1:1000 dilution). The LC-3 antibody was raised against a synthetic peptide corresponding to the N-terminus of LC3B (20, 21) . After washing in 1X Tris-buffered saline containing 0.1% Tween-20, membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin (1:1000 dilution) (Cell Signaling Technology) for 2 h at room temperature. Monoclonal antibodies specific for ß-actin (1:10000 dilution) (Sigma Chemical Co., St. Louis, MO) were used to ensure equal loading. Protein bands were visualized by enhanced chemiluminescence (Kirkgaard & Perry Laboratories, Gaithersburg, MD). Images were scanned using an Alpha Imager and its application program (Alpha Innotech, San Leandro, CA).
Detection and quantification of acidic vesicular organelles.
The acridine orange dye was used as described previously (20) to detect and quantify acidic vesicular organelles in JS-K-treated cells. Breast cancer cells (with the exception of MDA-MB-468 cells) were plated at 1x10 5 cells per well in 6-well plates in 2 ml of DMEM/F12 medium containing 5% FBS. MDA-MB-468 cells and normal HMECs were plated at 4x10 5 cells per well in 6-well plates in 2 ml of HMEC medium. MCF-10A cells were plated at 4x10 5 cells per well in 6-well plates in 2 ml of DMEM/F12 medium containing 10% FBS, 20 ng/ml epidermal growth factor, 20 ng/ml insulinlike growth factor-I, and 500 ng/ml hydrocortisone. Cells were treated with JS-K (0, 1.0, 1.5, 2.5, or 5.0 μM) or JS-43-126 (0, 1, 5 μM) for 3 days. Breast cancer cells were stained with acridine orange at a final concentration of 1 μg/ml for 15 min at 37˚C, removed from the plate with trypsin-EDTA, and collected in their culture medium. Green (510-530 nm) and red (>650 nm) fluorescence emission from 1x10 4 Statistical analysis. The cell viability data are expressed as the means ± standard deviation. For statistical analysis of the cell viability experiments, the Shapiro-Wilk test was first performed to assess the normality assumption of the data. Given that the data were normally distributed, two-tailed Student's t-test was performed to compare the viability of untreated cells and JS-K-treated cells. Criterion for statistical significance was taken as P<0.05. All analyses were performed using SAS ® .
Results

JS-K is more cytotoxic to breast cancer cells than to normal mammary epithelial cells. Breast cancer cells and normal
HMECs were incubated with JS-K. JS-K decreased the viability of all breast cancer cell lines tested (Fig. 2 top panel) . At 1-μM concentration, JS-K decreased the viability of MCF-7 cells by 67%, MDA-MB-231 cells by 57%, SKBr3 cells by 73%, and MDA-MB-453 cells by 74% (Fig. 2 top panel) . On the contrary, JS-K, at 10-μM concentration, did not affect the viability of the HMECs (Fig. 2 top panel) . To ensure that this selective cytotoxic effect is not due to different cell density or different medium used, MDA-MB-468 breast cancer cells were plated at the same cell density in the same medium as the HMECs. Under these conditions, JS-K remained to be effective in decreasing the viability of MDA-MB-468 cells (Fig. 2 top panel) . At 1-and 5-μM concentrations, JS-K decreased the viability of MDA-MB-468 cells by 39 and 72%, respectively ( Fig. 2 top panel) . Furthermore, the cytotoxic activity of JS-K was assessed in the MCF-10A series of cell lines, which includes cell lines representing non-malignant immortalized (MCF-10A), premalignant (MCF-10AT), and fully malignant (MCF-10CA1a) mammary epithelial cells. All these cell lines were derived from a single patient, thus all are on a common genetic background. These cell lines are useful tools to investigate different stages in the breast cancer progression process (18) . The nonmalignant MCF-10A mammary epithelial cells were essentially resistant to JS-K; at 10-μM concentration, JS-K decreased the viability of MCF-10A cells by only 18% (Fig. 2 middle  panel) . However, at 1-μM concentration, JS-K decreased the viability of the fully malignant MCF-10CA1a cells by ~50% (Fig. 2 middle panel) . JS-K did not decrease the viability of the premalignant MCF-10AT cells until >5-μM concentration was used (Fig. 2 middle panel) . These data indicate that JS-K had potent cytotoxic effects against malignant breast cancer cells, with moderate effects against premalignant breast cells and minimal effects on non-malignant mammary epithelial cells.
The presumed metabolites of JS-K, such as DNP-SG, DNP, JS-9-29, and piperazine, and the non-NO-releasing control JS-43-126 (22) did not have any effect on the viability of MDA-MB-453 cells (Fig. 2 bottom panel) and MDA-MB-231 cells (not shown). Thus, the cytotoxic effects of JS-K are attributed mainly to its ability to produce NO and/or its arylating ability.
JS-K induces programmed cell death in breast cancer cells.
Apoptosis was reported to be the main mechanism by which JS-K exerts its toxic effects in leukemia, hepatoma and multiple myeloma cells (14, 16, 23, 24) . Flow cytometric analysis of propidium iodide-stained sub-G1 cells was used to quantify the extent of apoptosis induced by JS-K in breast cancer cells and in the non-malignant, immortalized MCF-10A mammary epithelial cells. Cells were untreated or treated with 5-μM concentration of JS-K. JS-K increased apoptosis from 1.4 to 13.6% in MCF-7 cells and from 0.5 to 7.6% in MDA-MB-231 cells. JS-K increased the percentages of SKBr3 apoptotic cells from 0.4% to 3.0%, and the percentages of MDA-MB-453 apoptotic cells from 0.5 to 5.4%. But JS-K did not affect the percentages of apoptotic MCF-10A cells; 0.8 and 1.9% for untreated and JS-K-treated MCF-10A cells, respectively. These data indicate JS-K selectively induced apoptosis in breast cancer cells.
Previously, using the same apoptosis quantification assay, Shami et al (14) and Kiziltepe et al (16) , showed that a 1-μM concentration of JS-K increased HL-60 and MM.1S apoptotic cells by 43 and 60%, respectively. It appears that JS-K-induced apoptosis was more potent in leukemia and myeloid cells than in breast cancer cells. We speculate that other mechanisms, such as autophagy, may be involved in the cytotoxic effects of JS-K in breast cancer cells. Autophagic cell death is the process of sequestrating cytoplasmic proteins into the lytic compartment and characterized by the formation and promotion of acidic vesicular organelles. To determine if JS-K increased the formation of acidic vesicular organelles in breast cancer cells, cells were stained with the acridine orange dye as described (20) . In acridine orange-stained cells, the cytoplasm and nucleolus fluoresce bright green and dim red, whereas acidic compartments fluoresce bright red. The intensity of the red fluorescence is proportional to the degree of acidity and/or the volume of the cellular acidic compartment. Therefore, we could measure a change in the degree of acidity and/or the fractional volume of their cellular acidic compartment. At 5-μM concentration, JS-K increased the percentage of acridine orange-stained SKBr-3 cells from 4.8 to 45.8% (Fig. 3) . JS-K increased the percentages of acridine orange-stained cells in all breast cancer cell lines tested (Table I) . On the other hand, JS-43-126, the non-NOreleasing control (22) , did not increase the percentages of acridine orange-stained cells (Table I) . Furthermore, JS-K hardly affected the formation of acidic vesicular organelles in HMECs or MCF-10A cells; at 5-μM concentration, JS-K increased the percentages of acridine orange-stained HMECs and MCF-10A cells only by 1.3% and 2.2%, respectively ( Fig. 3 and Table I ).
To confirm that JS-K induces autophagy in breast cancer cells, electron microscopy was used. Untreated MDA-MB-231 breast cancer cells exhibited few autophagic features (Fig. 4) . However, numerous empty vacuoles and autophagic vacuoles were observed in MDA-MB-231 cells treated with 5-μM JS-K (Fig. 4) . Most of the autophagic vacuoles contained intact cytoplasmic structure, lamellar structure, or residual digested materials. Together, these data indicate that JS-K induces autophagy in breast cancer cells.
There are two forms of LC3: LC3-I and LC3-II (25) . LC3-I (18 kDa) is cytoplasmic, whereas LC3-II (16 kDa) is membrane-bound and essential for autophagic vesicle formation. To further confirm that JS-K induced autophagy in breast cancer cells, the effect of JS-K on LC3-II expression was examined. The expression of LC3-II protein was very low in untreated MDA-MB-453 breast cancer cells and untreated HMECs (Fig. 5A) . JS-K, at 1-and 5-μM concentrations, increased the expression of LC3-II in MDA-MB-453 breast cancer cells by ~2-fold (Fig. 5A) . On the other hand, JS-K did not increase the expression of LC3-II in HMECs (Fig. 5A) . GFP-tagged LC3 was also used to study the autophagosome membrane association of LC3 in JS-K-treated cells. In untreated MDA-MB-231 cells, the fluorescent intensity of GFP-LC3 was very low, and GFP-LC3 was distributed in a diffuse pattern (Fig. 5B) . In JS-K-treated MDA-MB-231 cells, the fluorescent intensity of GFP-LC3 was high, and GFP-LC3 was distributed in a punctate pattern (Fig. 5B) . The number of cells with GFP-LC3 dots was counted. The percentage of untreated breast cancer cells with GFP-LC3 dots was <1% (Fig. 5C ). JS-K increased the number of GFP-LC3 dots in breast cancer cells (Fig. 5C ). The percentages of MDA-MB-231, SKBr3 and MDA-MB-453 cells with GFP-LC3 dots were 45, 19 and 58, respectively (Fig. 5C ). However, JS-K did not increase the percentages of MCF-10A with GFP-LC3 dots (Fig. 5C) . Together, these results indicate that JS-K selectively induces apoptosis and autophagy in breast cancer cells, but not in normal mammary epithelial cells.
JS-K decreases heme oxygenase-1 expression.
The enzyme activity of heme oxygenase-1 (HO-1) may play a role in the basic resistance of mammalian cells to NO-mediated cytotoxicity (26) . Primary cultures of spinal motor neurons and glia obtained from homozygous HO1-null mice are much more sensitive to NO cytotoxicity than are cells which express either one or two copies of a functional HO1 gene (26) . In rats, HO-1 is expressed in the epithelial cells of the normal breast gland (27) but, during N-nitrosomethylurea-induced malignant transformation, HO-1 expression is decreased in the transformed breast cells (27) . It is possible that HO-1 plays a role in defending against JS-K-mediated cytotoxicity in normal human mammary epithelial cells. We first investigated the expression of HO-1 in MCF-10A mammary epithelial cells and MDA-MB-231 breast cancer cells. The expression level of HO-1 appears to be slightly higher in MDA-MB-231 breast cancer cells than MCF-10A mammary epithelial cells (Fig. 6A) . Next we investigated the effects of JS-K on HO-1 expression in MCF-10A and MDA-MB-231 cells. At 5-μM concentration, JS-K decreased HO-1 expression in MDA-MB-231 breast cancer cells by ~54% (Fig. 6A) . However, JS-K, at 5-μM concentration, did not affect HO-1 expression in MCF-10A cells (Fig. 6A) . We then determined whether inhibition of HO-1 by tin protoporphyrin (SnPP), a potent inhibitor of HO-1 (28) , could increase the sensitivity of MCF-10A cells to JS-K. Although SnPP, at 12-μM concentration, inhibited HO-1 expression by 72% (Fig. 6B) , it did not affect the sensitivity of MCF-10A cells to JS-K (Fig. 6C) . These data indicate that JS-K could selectively decrease HO-1 expression in breast cancer cells. However, HO-1 appears Table I . JS-K increases the formation of acidic vesicular organelles in breast cancer cells but not in non-transformed or normal mammary epithelial cells. 5 cells per well in 6-well plates in 2 ml of DMEM/F12 medium containing 10% FBS, 20 ng/ml epidermal growth factor, 20 ng/ml insulin-like growth factor-I, and 500 ng/ml hydrocortisone, were treated with JS-K for 3 days and stained with acridine orange. The red fluorescence in the acridine orange-stained cells was detected by flow cytometry.
to have a minor role in regulating JS-K resistance in normal mammary epithelial cells.
Discussion
Here we demonstrate that JS-K induces cytotoxicity in breast cancer cells. More importantly, we found that JS-K has minimal inhibitory effects on the normal HMECs or the non-malignant mammary epithelial cells. Thus, JS-K appears to have a selective cytotoxic effect against breast cancer cells. JS-K's cytotoxic effect has mainly been attributed to its ability to release high levels of NO upon conjugation with glutathione by GST enzymes (14) . Our observed selective cytotoxic effects of JS-K seem to support previous observation that oncogene-transformed fibroblasts, but not non-transformed fibroblasts, are sensitive to NO-mediated cell death (29) . It is possible that normal cells express higher levels of enzymes, which are vital to the cellular defense against NO-mediated cytotoxicity, than malignant cells, thereby allowing NO to induce selective cytotoxicity against malignant cells. It has been suggested that HO-1 plays a vital role in the basic resistance of mammalian cells to NO-mediated cytotoxicity (27) . Here we showed that JS-K decreased HO-1 expression in breast cancer cells while non-transformed mammary epithelial cells were resistant to such JS-K effect. However, reducing HO-1 expression did not sensitize the non-transformed cells to JS-K. HO-1 appears to play a minor role in conferring JS-K resistance in mammary epithelial cells. Other components of the JS-K molecule have been reported to contribute to its cytotoxicity. JS-K is capable of arylating glutathione and other cellular nucleophiles, irreversibly altering their normal function (30) . Mammary epithelial cells may have high levels of enzymes that could defend the cells from cytoxicity induced by arylation, thereby allowing the cells to be resistant to JS-K.
Apoptosis was the main mechanism by which JS-K induces cytotoxicity in HL-60 leukemia cells, Hep 3B hepatoma cells and MM.1S multiple myeloma cells (14, 16, 31 ). Here we demonstrate that JS-K induced apoptosis and autophagy in breast cancer cells. Various cancer therapies, such as radiation, rapamycin, arsenic trioxide, ceramide, etoposide, tamoxifen, and resveratrol, have been shown to induce apoptotic as well as autophagic cell death (32) . Furthermore, apoptosis and autophagy appear to be interconnected; the phosphoinositol-3 kinase family (33) (34) (35) (36) and the Bcl-2 family (37,38) have been shown to regulate both of these processes.
In conclusion, JS-K uses two programmed cell death mechanisms to selectively kill breast cancer cells. JS-K holds great promise as a novel therapeutic agent against breast tumors.
